Introduction
Poor egg shell quality from hens housed at high temperatures continues to be a major source of economic loss to egg producers and attempts to improve shell quality by nutritional or management procedures have had only limited success. However, the results of studies on the use of alternative lighting regimens at non-heat stress temperatures and recent evaluation of dietary sodium bicarbonate (NaHCO 3 ) supplementation at high temperatures suggest that these two procedures may offer some hope of success. Nys and Mongin (1981) , von Torges et al . (1981) , and Sauveur and Mongin (1983) have reported that intermittent lighting improves egg shell quality at non-heat stress temperatures. Although Sauveur and Picard (1987) concluded that the incorporation of a 1-or 2-h light period during the normal daily dark period in conventional lighting regimens (e.g. 16 h light : 8 h dark; 16L : 8D) does not increase egg shell deposition, this procedure has sometimes, but not always, improved shell quality (Grizzle et al . 1992; Harms et al . 1996) . Likewise, the use of sodium bicarbonate (NaHCO 3 ) supplements in the diet or drinking water sometimes, but not always, improves shell quality (see Balnave and Muheereza 1997) . Makled and Charles (1987) reported that increasing the daily photoperiod from 16 to 24 h significantly improved shell quality in laying hens, the improvements being similar to those observed in the 16L : 8D regimen when 5 g NaHCO 3 /kg was added to a diet containing ground limestone as the calcium source. However, although Grizzle et al . (1992) found that supplying an additional 2 h light during the normal dark period improved egg specific gravity, a 10 g NaHCO 3 /kg dietary supplement had no effect.
Although the results of studies incorporating NaHCO 3 supplements in the diet or drinking water of laying hens have been equivocal, Howes (1966) and Ernst et al . (1975) reported beneficial responses in shell quality at high temperatures. More recently, Balnave and Muheereza (1997) • C was improved when 10 g NaHCO 3 /kg was added to the diet of hens maintained in continuous light. These workers concluded that at high temperatures, supplementation of diets with NaHCO 3 improves shell quality as long as hens have access to feed during the period of shell formation. When hens are housed in a conventional 16L : 8D regimen the bicarbonate is not consumed during the dark period, the time during which shell formation normally occurs. In this regimen no benefits accrue from the NaHCO 3 unless the hens are laying late in the day and, therefore, can eat during the period of shell formation.
Since continuous lighting over an extended period of lay is unacceptable from an animal welfare point of view the present study was carried out using a repetitive 3L : 1D lighting schedule which allowed the hens a total of 6 h darkness daily. Hens fed a conventional diet with or without a 10 g NaHCO 3 /kg supplement were compared in conventional (16L : 8D) and intermittent (3L : 1D) lighting regimens from 22-62 weeks of age.
Materials and methods

Husbandry
Pullets (192, SuperBrown, Inghams Enterprises Pty Ltd, Casula, NSW) were purchased at 19 weeks of age and placed in double bird cages in 2 temperature-controlled rooms. Three adjacent cages comprised a replicate and in each room 8 replicates were randomly allocated to each of 2 diets consisting of a basal diet (Table 1 ) and the basal diet containing a supplement of 10 g NaHCO3/kg in lieu of solka floc, an indigestible cellulose filler. The birds were initially housed at a constant 32
• C temperature in a 16L : 8D lighting environment. From 20 weeks of age, birds in one room were continued on the 16L : 8D regimen and birds in the other room were changed to a 3L : 1D regimen. Production parameters were measured between 22 weeks of age, when the birds attained 10% rate of lay, and 62 weeks of age.
Production measurements
Egg numbers were recorded daily, and during the final 3 days of each 28-day period all eggs were weighed. Egg shell breaking strength was measured using a cantilever system (Balnave and Muheereza 1997) on all eggs laid over a period of 3 consecutive days every 8 weeks commencing at 30 weeks of age. Shell thickness and shell weight percentage were determined on the final day's collection in each case.
Statistical analysis
The data for the laying performance and egg shell quality, measured over five 8-week periods corresponding to the times of shell quality assessment, were analysed as a 2×2 factorial ANOVA with repeated measures (BMDP 2V; BMDP Statistical Software, Sepulvede Boulevard, Los Angeles, USA). The effects of light, diet, and age and the interactions between these factors were examined.
Results
Mortality was generally low on all treatments: 6 and 4% in hens in the 16L : 8D lighting and fed the control and NaHCO 3 diets, respectively; and 6 and 10% in hens in the 3L : 1D lighting and fed the control and NaHCO 3 diets, respectively. The main effects of age, light, and diet on feed intake, weight gain, egg production, egg weight, egg mass, and feed conversion are shown in Table 2 .
Age had a significant effect on all measures. Maximum feed intake was attained between 30 and 46 weeks of age after which there was a significant decrease. Weight gain increased significantly with age. Rate of lay and egg mass output showed continuing declines in each period after 38 weeks of age, although egg weight continued to increase until 54 weeks of age. Feed conversion was poor during the first 8 weeks of lay when overall egg production and egg mass were low. Feed conversion improved significantly between 30 and 38 weeks of age, the period associated with improved egg production and egg mass output. Thereafter, there was a continuous decline in feed conversion efficiency with increasing age.
The 3L : 1D light regimen significantly improved feed intake, with hens on this lighting regimen eating 6 · 4 g more feed per day than those on the 16L : 8D conventional lighting. Hens in the 3L : 1D lighting regimen gained significantly more weight and produced significantly larger eggs and 2 · 0 g more egg mass daily, which was near the significance level (P = 0·062). No significant differences were observed between the 16L : 8D and 3L : 1D lighting regimens with respect to rate of lay and feed conversion. Also, there were no significant differences due to diet. 
n.s. n.s. n.s. n.s. n.s. * * P < 0 · 01; * * * P < 0 · 001; n.s. non significant. The only significant interactions were age×light effects on feed intake, egg production, and egg mass ( Table 3 ). The feed intake of hens in the 3L : 1D lighting regimen was significantly greater to 46 weeks of age; thereafter, there was no significant effect of light. The maximum improvement achieved in the 3L : 1D regimen was 11 g/day between 38 and 46 weeks of age. Although no significant differences in egg production were observed at any age, there was a tendency for more eggs to be laid in the 3L : 1D lighting regimen between 30 and 46 weeks of age and in the 16L : 8D lighting regimen between 46 and 62 weeks of age. Hens in the 3L : 1D regimen produced significantly more daily egg mass than hens in the 16L : 8D regimen between 30 and 46 weeks of age but differences due to lighting regimen at other times were small and non significant.
The main effects of age, light, and diet on the egg shell quality measures are shown in Table 4 and Fig. 1 . All egg shell quality measures were affected significantly by age. Egg shell quality was best during early lay at 30 and 38 weeks of age but declined thereafter. Eggs from hens in the 3L : 1D regimen, had a significantly greater shell breaking strength and shell thickness than eggs from hens in the 16L : 8D regimen, and the shell weight percentage effect approached significance (P = 0·057). Dietary supplementation with NaHCO 3 had no significant effect on the shell quality measures. However, supplementation with NaHCO 3 consistently improved shell breaking strength (Fig. 1) . This response was greater in the 3L : 1D than in the 16L : 8D regimen, although no significant interactions were observed. The shell breaking strength of eggs from hens in the 16L : 8D regimen was improved by 1 · 0 N, from a mean overall value of 32 · 2 N to 33·2 N, by the use of the NaHCO 3 supplement, whereas the improvement was much greater in eggs from hens in the 3L : 1D regimen (36 · 8 to 39·4 N). This 7% improvement in the 3L : 1D regimen occurred in addition to the significant 14% improvement (36 · 8 v . 32·2 Newtons) resulting from the use of the 3L : 1D regimen.
Discussion
Apart from a significant increase in the feed intake of these heat-stressed hens in the 3L : 1D regimen, the only other overall significant effects of light or diet on the production responses were the improved egg weight and increased weight gain of hens in the 3L : 1D regimen. In fact the body weight gains of the hens in both lighting regimens were more than satisfactory considering the constant high temperature used in the study. However, significant age×light interactions were observed on feed intake, egg production, and egg mass. Hens in the 3L : 1D regimen ate significantly more food to 46 weeks of age and this was reflected in a numerically greater rate of lay and significantly greater egg mass output. However, after 46 weeks of age, feed intake, egg production, and egg mass output were similar in both lighting environments. These results at heat-stress temperatures contrast with the results obtained by others who have examined the effects of intermittent lighting on layer performance in non-heat stress environments. The results of these latter studies have consistently found intermittent lighting to decrease feed intake and egg production (Nys and Mongin 1981; von Torges et al . 1981; Leeson et al . 1982; Sauveur and Mongin 1983; Morris and Butler 1995) . However, no significant differences in feed intake or egg production were observed when hens were maintained for part of their time at 32
• C in a long-term study involving the provision of 2 h additional lighting during the conventional dark period (Grizzle et al . 1992) . The current study also recorded improved egg weight from hens on intermittent lighting, which is in agreement with previous findings (Nys and Mongin 1981; von Torges et al . 1981; Sauveur and Mongin 1983; Morris and Butler 1995) .
The use of intermittent lighting at non-heat stress temperatures has been shown to improve egg shell quality (Nys and Mongin 1981; von Torges et al . 1981; Sauveur and Mongin 1983) . In addition, Grizzle et al . (1992) reported a significant improvement in egg specific gravity when 2 h additional lighting was provided to hens in a long-term study during which the ambient temperature reached 32
• C for part of the time. The present results extend these observations to the prolonged use of intermittent lighting at heat stress temperatures and have shown the benefits of a 3L : 1D regimen on the maintenance of egg weight and body weight as well as on shell breaking strength, shell thickness, and shell weight percentage. In fact, as far as the current authors are aware, this is the first time that the effect of repetitive intermittent lighting on production and egg shell quality has been evaluated at high ambient temperatures. Although temperature comparisons were not conducted in the present study the results suggest that the use of intermittent lighting may be more beneficial at high, compared with thermoneutral or low, temperatures. It is generally accepted that dietary NaHCO 3 supplementation should play an important role in maintaining good egg shell quality. However, attempts to improve egg shell quality in this way have been equivocal (see Balnave and Muheereza 1997) . Howes (1966) and Balnave and Muheereza (1997) appear to be the only researchers to have obtained a beneficial response at high temperatures, although Ernst et al . (1975) reported that in hot weather hens receiving NaHCO 3 produced significantly fewer rough-shelled eggs. In the current experiment no significant differences in egg shell quality were observed between the dietary treatments. However, the NaHCO 3 supplement given to hens in the 3L : 1D lighting regimen consistently improved shell breaking strength (overall mean 7%) in addition to the 14% improvement resulting from the use of the 3L : 1D regimen. Providing the NaHCO 3 to the hens in the 16L : 8D regimen only induced a 3% improvement in shell breaking strength. These improvements in shell breaking strength at 32
• C in the 3L : 1D regimen are similar in extent to those reported previously for hens maintained in continuous light at 30-35
• C (Balnave and Muheereza 1997) . In this earlier work, improvements of 15% resulting from feeding hens a supplement of 10 g NaHCO 3 /kg at the same time as increasing the daylength from 16 to 24 h, and improvements of 9% due to feeding 10 g NaHCO 3 /kg to hens acclimated to continuous light, were significant. Therefore, it appears that feeding a supplement of 10 g NaHCO 3 /kg to laying hens at high temperatures is a means of improving egg shell quality as long as hens consume the additional bicarbonate during the period of active shell formation. The use of a repetitive intermittent lighting regimen such as the 3L : 1D used in the current study provides that access in a more consistent way than supplementary lighting of 1 or 2 h duration during the dark period of a conventional 16L : 8D regimen. It also allows for desynchronisation of ovulation patterns (Nys and Mongin 1981; Sauveur and Mongin 1983) , which may be important to the improvements noted in egg weight and shell breaking strength.
Finally, it is worth noting that the intermittent lighting regimen improved shell breaking strength through increases in shell deposition as shown by improvements in shell thickness and shell weight percentage. These latter measures were not affected by dietary NaHCO 3 supplementation, implying that in this case the numerical improvement in shell breaking strength was associated with changes in shell ultrastructure (van Toledo et al . 1982; Roberts and Brackpool 1994) .
